Replication of the kinetoplast DNA (kDNA) minicircle of trypanosomatids initiates at a conserved 12-nt sequence, 5'-GGGGTTGGTGTA-3', termed the universal minicircle sequence (UMS). A sequence-specific singlestranded DNA-binding protein from Crithidia fasciculata binds the heavy strand of the 12-mer UMS. Whereas this UMS-binding protein (UMSBP) does not bind a duplex UMS dodecamer, it binds the double-stranded kDNA minicircle as well as a duplex minicircle fragment containing the originassociated UMS. Binding of the minicircle origin region by the single-stranded DNA binding protein suggested the local unwinding of the DNA double helix at this site. Modification of thymine residues at this site by KMnO4 revealed that the UMS resides within an unwound or otherwise sharply distorted DNA at the minicircle origin region. Computer analysis predicts the sequence-directed curving of the minicircle origin region. Electrophoresis of a minicircle fragment containing the origin region in polyacrylamide gels revealed a significantly lower electrophoretic mobility than expected from its length. The fragment anomalous electrophoretic mobility is displayed only in its native conformation and is dependent on temperature and gel porosity, indicating the local curving of the DNA double helix. We suggest that binding of UMSBP at the minicircle origin of replication is possible through local unwinding of the DNA double helix at the UMS site. It is hypothesized here that this local melting is initiated through the untwisting of unstacked dinucleotide sequences at the bent origin site.
interlocked topologically to form a disc-shaped DNA network (reviewed in refs. [1] [2] [3] [4] [5] [6] . Minicircles are heterogeneous in their nucleotide sequence within the networks of most species of trypanosomatids. However, two short sequences, 70-100 bp apart, are conserved in all the species studied so far: the dodecamer sequence known as universal minicircle sequence (UMS), 5 '-GGGGTTGGTGTA-3', and the hexamer sequence, 5'-ACGCCC-3'.
On the basis of in vivo observations, Englund and colleagues (2, (7) (8) (9) (10) (11) have described the replication of kDNA minicircles as a process in which individual minicircles are detached from the central zone of the disc-shaped network, replicated, and reattached to the periphery of the disc. The network increases in size until it doubles and then divides and segregates into two daughter networks. Extensive studies of minicircle replication intermediates (4, (12) (13) (14) (15) (16) (17) (18) (19) have suggested that replication begins at the UMS site with synthesis of an RNA primer and proceeds by continuous elongation of the leading light (L) strand. A single gap of 6-10 nt remains in the newly synthesized L strand at the UMS site (16) . Discontinuous synthesis of the lagging heavy (H) strand starts when its origin, containing the conserved hexamer sequence (ACGCCC), is exposed by the advancing replication fork. Highly gapped and nicked nascent H strands are generated. Discontinuities in the nascent strands are repaired only after replication of the minicircles and their reattachment to the network have been completed (10) .
We have previously reported on the purification and characterization of a C. fasciculata single-stranded DNA-binding protein that binds specifically the H strand of UMS (20, 60) . The UMS-binding protein (UMSBP) is a homodimer of 27.4-kDa with a 13.7-kDa protomer. It binds single-stranded DNA as well as RNA but not double-stranded or four-stranded DNA oligomers. Cloning and analysis of the gene encoding UMSBP in C. fasciculata (21) have revealed an open reading frame that encodes five CCHC-type zinc finger motifs, similar to the CCHC motifs found in retroviral Gag polyproteins (22) and in a group of cellular proteins (23) (24) (25) (26) .
If UMSBP played a role as an origin binding protein, one would expect it to bind the origin-associated UMS. The question of how UMSBP, being strictly a single-stranded nucleic acid-binding protein, interacts with the duplex DNA minicircle is addressed in this study. We report here that UMS resides within a locally curved DNA structure that differs in its sequence and location from the A-tract-dependent bend described in kDNA minicircles (27, 28) . Within this context the UMS is apparently unwound and thereby is available for binding by UMSBP. We present evidence for formation of a specific protein-DNA complex between UMSBP and a double-stranded fragment carrying the minicircle origin region.
MATERIALS AND METHODS
Nucleic Acids and Enzymes. kDNA was prepared from C. fasciculata as described (29) . Free kDNA minicircles were prepared by decatenation of kDNA networks using C. fasciculata DNA topoisomerase 11 (30) , followed by treatments with DNA polymerase I large (Klenow) fragment (Promega) and T4 DNA ligase (Boehringer Mannheim), as described (31) . UMSBP was a recombinant protein expressed in Escherichia coli (H. Abeliovich and J.S., unpublished data) unless otherwise indicated. Synthetic oligonucleotides were prepared with an Applied Biosystems oligonucleotide synthesizer at the Bletterman Laboratory of the Interdepartmental Division, Faculty of Medicine, Hebrew University, Jerusalem. Radioactive nucleotides were from New England Nuclear, and restriction endonucleases were from New England Biolabs, Promega, Boehringer Mannheim, and MBI Fermentas (Lithuania).
Electrophoretic Mobility-Shift Analysis. Analyses were carried out as described (20 (32, 33) . PCR was conducted using the N-terminally deleted Thermus aquaticus DNA polymerase (KlenTaq; Ab Peptides, St. Louis). Oligonucleotide primers 5' 32P-labeled using T4 polynucleotide kinase (New England Biolabs) were 5'-GGTGCCCGGAG-GCTGAT-3' and 5 '-ATATATTTATAGCAAACATAA-GAG-3' at positions 343-359 and 597-620 of the minicircle (34), respectively. Products of the primer-extension reaction were extracted with chloroform/isoamyl alcohol (25:1), ethanol precipitated, boiled for 2 min in sequencing loading buffer (95% formamide/20 mM EDTA/0.05% bromophenol blue/ 0.05% xylene cyanol FF), and electrophoresed in a 6% polyacrylamide sequencing gel containing 7 M urea in 45 mM Tris borate, pH 8.3/1 mM EDTA at 50 W (constant power). DNA sequencing of the double-stranded templates was carried out by the Sanger dideoxynucleotide method using Sequenase (United States Biochemical) and following the manufacturer's instructions. Sequences were further analyzed using the UWGS program package.
RESULTS
UMSBP Binds kDNA Networks and Free Minicircles. On the basis of its specific and high-affinity binding to the origin-associated UMS element, we have previously suggested that UMSBP functions as an origin-binding protein in the process of kDNA replication initiation (20, 60) . However, considering the strict specificity of UMSBP for single-stranded DNA (20) , it would be difficult to explain such a role for UMSBP in the double-stranded minicircle molecule. It was therefore essential to determine whether UMSBP actually binds to the native kDNA minicircle.
This question is addressed in a binding competition analysis ( Fig. 1 those generated with the single-stranded UMS oligomer, as observed by electrophoretic mobility-shift analysis. Considering the efficient competition on the binding of UMSBP, observed with the full-length kDNA minicircle (Fig. 1) tion is significantly increased with the decrease of gel porosity and temperature (Fig. 4) . Whereas this fragment behaves anomalously in native polyacrylamide gel electrophoresis, its respective denatured single strands display the mobility expected (Fig. 3C) , implying that the anomalous electrophoretic mobility is dependent on a double-stranded structure. A most plausible interpretation of these observations is that curving of the DNA double helix may account for the difficulty of this fragment in snaking through the tightly cross-linked polyacrylamide gel, resulting in its anomalous electrophoretic mobility. This interpretation is supported by a computer analysis that plots the overall shape of an irregular DNA double helix in space (35) , based on the helix parameters (36 (Fig. SB) . Previous studies have shown that secondary structures in the DNA template form barriers that impede, but may not completely halt, the progress of chain elongation by DNA polymerases (37, 38) . Thus, interference with the processive progress of the DNA polymerase may indicate the capacity of the H strand to fold into a stable secondary structure at the minicircle origin site. It is instructive that this barrier has apparently disappeared when the primer-extension reaction was conducted at an elevated temperature (720C), using the thermostable Taq DNA polymerase (Fig. SB) , presumably because of melting of the secondary structure at the higher temperature.
DISYCUSST N Initiation of DNA replication in prokaryotic genomes, as well as in eukaryotic viral and organelle genomes, is regulated through the specific interactions of origin-binding proteins with unique origin-associated sequences. Action of a specific origin-binding protein at the origin site is considered to be the first step in the sequence of events that culminates in initiation of chromosome replication (reviewed in ref. 39) . Replication initiation of kDNA minicircles is conducted through synthesis of an RNA primer at the UMS element, using the H strand as a template. We have previously described the UMSBP and suggested its potential role as a minicircle origin-binding protein (20, 60) . However, studies on the binding characteristics of UMSBP clearly demonstrated that it is strictly a single-stranded nucleic acid-binding protein. Therefore, binding of UMSBP to the origin site would require the availability of the UMS as a single-stranded sequence in the overall double-stranded DNA minicircle. The possibility that local melting of the double helix is facilitated by a negative superhelical torsion of the minicircle could be excluded in this case since unlike other circular duplex DNA molecules in nature, kDNA minicircles are topologically relaxed (40) . The observations made in this study suggest that a local change in the geometry of the DNA double helix at the minicircle origin region may support the distortion and consequent unwinding of the double-helix at the UMS site, providing the binding site for UMSBP.
Several unusual characteristics of the DNA indicate the intrinsic curving of the double helix at the origin region. A minicircle fragment containing the origin region displays significantly lower electrophoretic mobility than expected from its size in polyacrylamide gels (Fig. 3) . This anomaly is increased with the decrease in temperatures and gel porosity (Figs. 3 and 4) . It depends on the structure of the native DNA duplex, as the electrophoretic migration of the denatured single DNA strands is apparently normal. These observations indicate that the nucleotide sequence at the minicircle origin region directs an intrinsic curving of the DNA helix. Indeed, a computer analysis based on the local helix parameters (35) predicts that both UMS elements in the kDNA minicircle of C. fasciculata reside within curved regions. As has been previously shown, intrinsic DNA curvature may be associated not only with the periodic repeats of adenine residue runs that are located in-phase with the helical repeat (27, (41) (42) (43) (44) , but also with different sequence elements such as AA (45) (46) (47) and other dinucleotides (36, (48) (49) (50) (51) that also cause deflection of the helical axis.
Being located within a curved DNA segment, the UMS double helix may be susceptible to distortion through induction of sequence-dependent kinks at sites that are potentially "deformable" or "kinkable" (52, 53) . DNA sequences that are easily deformed also readily adopt a low-twist profile. Therefore, we hypothesize that locally unstacked (kinked) base pairs in UMS may provide the nucleation for unwinding at this sequence. This unwound DNA conformation may be trapped in the protein-DNA complex. The most kinkable stacks expected would be the ones with the lowest stacking energy-i.e., TA/TA and CA/TG (54) (55) (56) . One would expect that within the UMS element 5'-G1G2G3G4T56Q7G8T919Q0T11A12-3', the underlined dinucleotides (TpG at positions 6-7, TpG at positions 9-10, and TpA at positions 11-12) may play a role in this process (53, 57 (Fig. SB) , implies the presence of such an intrastrand secondary DNA structure at this site.
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We propose here that UMSBP may function as an originbinding protein in the process of initiation of kDNA replication. The L-strand origin of replication is the first origin to fire during the process of minicircle replication initiation. Continuous elongation of the primer synthesized at this site will subsequently activate the initiation of discontinuous synthesis from the H-strand origin site. Thus, recognition of the L-strand origin by a specific UMS-binding protein is the key event in the origin-directed replication of both strands of the minicircle molecule. Furthermore, recent sequencing of the variable region of Trypanosoma brucei maxicircle (which also includes the maxicircle origin region) has revealed the presence of two copies of the sequence 5'-GGGGTTGGTGT-3', identical to 11 5' residues of the minicircle dodecameric UMS (58, 59) . It may be instructive that the 3'-terminal adenine residue of UMS is the only residue that is not present in the maxicircle sequence. This residue has been previously found to be the only UMS residue that has no effect on specific binding of UMSBP (20) . These observations may indicate a common mechanism for regulation of replication initiation in the network for both minicircles and maxicircles and a potential common role for UMSBP in the replication of both types of kDNA circles. 
